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E-mail address: e_glaser@dbb.su.se (E. Glaser).The dual-targeted mitochondrial and chloroplastic zinc metallooligopeptidase from Arabidopsis,
AtPreP, functions as a peptidasome that degrades targeting peptides and other small unstructured
peptides. In addition to Zn located in the catalytic site, AtPreP also contains two Mg-binding sites.
We have investigated the role of Mg-binding using AtPreP variants, in which one or both sites were
rendered unable to bind Mg2+. Our results show that metal binding besides that of the active site is
crucial for AtPreP proteolysis, particularly the inner site appears essential for normal proteolytic
function. This is also supported by its evolutionary conservation among all plant species of PreP.
Structured summary:
MINT-7231937, MINT-7232017, MINT-7232035, MINT-7232051, MINT-7232070, MINT-7232090:AtPre-
P1 (uniprotkb:Q9LJL3) enzymaticly reacts (MI:0414) pF1 beta (uniprotkb:P17614) by protease assay
(MI:0435)
MINT-7232132:AtPreP1 (uniprotkb:Q9LJL3) enzymaticly reacts (MI:0414) galanin (uniprotkb:P22466) by
protease assay (MI:0435)
MINT-7232175:AtPreP1 (uniprotkb:Q9LJL3) enzymaticly reacts (MI:0414) Cecropin A (uniprotkb:P14954)
by protease assay (MI:0435)
MINT-7232163:AtPreP1 (uniprotkb:Q9LJL3) enzymaticly reacts (MI:0414) hPrPss (uniprotkb:P04156) by
protease assay (MI:0435)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Proteolysis plays a vital role in the cell. Proteins and peptides
are continuously degraded to sustain the cell homeostasis. In addi-
tion, the majority of mitochondrial and chloroplastic proteins are
encoded in the nucleus and then directed to their correct intracel-
lular destination by an N-terminal peptide extension called prese-
quence for mitochondrial proteins and transit peptide for
chloroplastic proteins (for reviews see [1–5]). After import to the
respective organelle the targeting peptide is cleaved off in mito-
chondria by the mitochondrial processing peptidase (MPP) [6,7],
and in chloroplasts by the stromal processing peptidase (SPP) [8].
Targeting peptides can be harmful to cells due to their membrane
penetrating properties, which can lead to uncoupling of the mem-
brane potential and disruption of the cellular compartmentaliza-
tion [9,10].
Presequence protease from Arabidopsis thaliana, AtPreP, is a pro-
tease that degrades targeting sequences and other unstructuredchemical Societies. Published by Epeptides of 10–65 amino acids in length in both mitochondria
and chloroplasts [11–14]. AtPreP is a 110 kDa zinc metallooligo-
peptidase that belongs to the pitrilysin M16C family of peptidases
(MEROPS database) [15]. The M16 peptidases are often referred to
as inverzincins, since they comprise an inverted zinc-binding mo-
tif, HXXEH, at the active site [16]. In A. thaliana there are two iso-
forms of PreP, referred to as AtPreP1 and AtPreP2, with high
sequence conservation (89% identity). AtPreP1 and AtPreP2 are du-
ally targeted to both the mitochondrial matrix and chloroplast
stroma [14]. The yeast homolog of AtPreP, called MOP112 or
CYM1p, appears to be located in the mitochondrial intermembrane
space [17] whereas the human homolog (hPreP or MP1) is localized
to the mitochondrial matrix and is also known to degrade amyloid-
beta peptide (Ab) [18], the toxic agent that accumulates in mito-
chondria in Alzheimer‘s disease [19].
The crystal structure of AtPreP1 with a bound peptide in the ac-
tive site was determined at 2.1 Å [20]. The structure showed that
the 995-residue polypeptide folds into four topologically similar
domains, which form two bowl-shaped halves connected via a V-
shaped hinge region that protrudes from the protease (Fig. 1).
The inverted zinc-binding motif of the active site is situated in
the N-terminal portion of the enzyme. However, Arg-848 andlsevier B.V. All rights reserved.
Fig. 1. (A) Crystallographic structure of AtPreP1 colored from blue (N-terminal) to yellow (C-terminal). The substrate peptide bound to the crystallized protein is shown as
orange sticks, the active site zinc as a purple sphere, the two Mg2+ ions as green spheres and waters coordinated to Mg2+ as red spheres. (B) The inner Mg2+-binding site. (C)
The outer Mg2+-binding site. (D) The active site and inner Mg2+-binding site located within the proteolytic chamber. (E) SDS–PAGE of the overexpressed and puriﬁed wildtype
AtPreP1 and AtPreP1 variants, D1, D2, and D1,2.
2728 H.G. Bäckman et al. / FEBS Letters 583 (2009) 2727–2733Tyr-854 located at in the C-terminal portion, at a distance of about
800 residues in sequence from the zinc-binding motif, contribute
to the catalytic site. The structure of AtPreP1 revealed a unique
proteolytic chamber of more than 10 000 Å3, in which the active
site resides and to which the substrate peptide binds. A novel pro-
teolytic mechanism was proposed, involving hinge bending to
open and close the two enzyme halves, allowing the C-terminal
residues Arg-848 and Tyr-854 to interact with N-terminal residues
to form a functional active site [20].
Magnesium ions were needed to facilitate the crystallization of
AtPreP1. Interestingly, the structure also revealed two hydrated
magnesium ions coordinated by acidic residues [20]. One magne-
sium-binding site is located inside the proteolytic chamber (the in-
ner site), whereas the second site is located on the surface of the
enzyme (the outer site). In the present work we have investigated
the importance of these non-catalytic metal binding sites with re-
spect to the enzymatic activity of AtPreP1. We produced AtPreP1
variants, in which the inner site (D1), outer site (D2) or both metal
binding sites (D1,2) were replaced with neutral residues unable to
bind metal ions. We have investigated the effect of magnesium,
calcium and zinc ions on peptide degradation using several
unstructured peptides of different lengths and amino acid compo-
sitions as substrates. We also studied the kinetics of degradation
by means of a ﬂuorogenic peptide substrate (Substrate V). Our re-
sults point to the conclusion that non-catalytic metal binding,
especially to the inner metal binding site, is essential for AtPreP1
activity.
2. Materials and methods
2.1. Multiple sequence alignment
Sequences were found using BLAST [21] and conveniently man-
aged with the Biology Workbench available from San Diego Super-
computer Center at http://workbench.sdsc.edu. In most casesdefault parameters were applied. The amino acid sequence of At-
PreP1 was used to scan protein sequences (blastp), using the BLO-
SUM62 substitution matrix with a gap-opening penalty of 11 and a
gap extension cost of 1. The multiple sequence alignment was con-
structed with ClustalW [22], using the Gonnet weight matrix with
gap-opening and gap extension penalties of 10.0 and 0.10,
respectively.
2.2. Generation of AtPreP1 variants
The mutations D705N, D859N, D861N for the inner metal bind-
ing site and D828N, T947V, D952N for the outer metal binding site
were introduced to a pGEX-6P-2 plasmid (Amersham Biosciences)
containing wildtype AtPreP1 using the Quick-Change Site Directed
Mutagenesis Kit (Stratagene). The constructs were veriﬁed by DNA
sequencing utilizing the DYEnamic Sequencing Kit (Amersham Bio-
sciences). All primers are listed in Supplementary Table 1.
2.3. Expression and puriﬁcation of AtPreP1 and its variants
The pGEX-6P-2 vector containing wildtype and the three At-
PreP1 variants N-terminally fused to Glutathione S-Transferase
(GST) were used to transform E. coli BL21 (DE3). Colonies were
grown at 37 C in 500 ml LB medium containing 100 lg/ml ampi-
cillin, induced with 1 mM Isopropyl b-D-1-thiogalactopyranoside
(IPTG) at OD600 of 0.5 and incubated at 30 C to OD600 of 2. The
cells were harvested by centrifugation and stored at 80 C. Cells
were resuspended in phosphate-buffered saline (PBS) buffer
(140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM
KH2PO4, pH 7.4) and cell lysis was induced by the addition of
0.5 mg/ml lysozyme followed by sonication. The cell lysate was
centrifuged for 30 min at 20 000g to remove cell debris and
the supernatant was ﬁltered through a 0.20 lm membrane. The
ﬁltered lysate was then incubated with Glutathione Sepharose
beads (Amersham Biosciences) equilibrated with PBS buffer and
H.G. Bäckman et al. / FEBS Letters 583 (2009) 2727–2733 2729incubated at 4 C for 4 h with light agitation. Unbound proteins
were washed off with PBS buffer and the washed beads were
equilibrated with PreScission cleavage buffer (50 mM Tris–HCl,
150 mM NaCl, 1 mM DL-dithiolthreitol). Bound AtPreP1 was
cleaved off using PreScissionTM Protease in PreScission cleavage
buffer at 4 C for 12 h and collected from the supernatant. The
purity was analyzed on 12% SDS–PAGE in the presence of 4% urea
stained with Coomassie Brilliant Blue and the protein concentra-
tion was determined using BioRad Protein Assay (BioRad). The
puriﬁed protein was stored in PreScission cleavage buffer and
40% glycerol at 20 C to preserve proteolytic activity.
2.4. Peptides used as substrates for degradation
The presequence of the F1b subunit of ATP synthase from Nico-
tiana plumbaginifolia (pF1b2–54) was constructed, overexpressed
and puriﬁed using the Pharmacia LKB.UV-M II FPLC system (Phar-
macia Biotech) according to a procedure described previously [23].
The pF1b derived peptides, pF1b1–20 and pF1b2–16, Penetratin,
human prion protein peptide hPrPss1–28, Galanin, and Cecropin
A1–33, were kind gifts from Prof. U. Langel, Prof. A. Gräslund and
Prof. H. Steiner, Stockholm University. The ﬂuorescent peptide C1
was purchased from Promega, and the ﬂuorogenic peptide derived
from bradykinin called Substrate V, coupled to ﬂuorescent 7-meth-
oxycoumarin (Mca) quenched by 2,4-dinitrophenol (Dnp), was
purchased from R&D Systems.
2.5. Proteolytic activity assays
Proteolytic assays with Penetratin, hPrPss1–28, Cecropin A1–33,
Galanin and the F1b presequence peptides were performed in deg-
radation buffer (20 mM HEPES-KOH pH 8.0); 1 lg of puriﬁed wild-
type AtPreP1 or AtPreP1 variants and 1 lg of a substrate were
incubated at 30 C for 1 h with soft agitation. MgCl2, CaCl2 or ZnCl2
were added at different concentrations as indicated in the ﬁgure
legends. Degradation was analyzed by SDS–PAGE using 15% poly-
acrylamide gels and stained with Coomassie Brilliant Blue protein
dye after electrophoresis. Degradation of the ﬂuorescent C1 pep-
tide was performed as above. 10 mM MgCl2 was added when indi-
cated. Degradation was analyzed by electrophoresis in 1% agarose
gels, after addition of 15% glycerol. Bands were visualized in UV
light.
Kinetics of proteolysis by wildtype AtPreP and AtPreP variants
were monitored using the ﬂuorogenic peptide Substrate V (7-
Methoxycoumatin-4-yl-acetyl-RPPGFSAFK-2,4-dinitrophenyl, R&D
Systems). 1 lg AtPreP and AtPreP variants in 20 mM HEPES, pH
8.0, with or without MgCl2 was mixed with 1 lg of Substrate V
in a ﬁnal volume of 1 ml. The hydrolysis of Substrate V was mea-
sured for 90 s, using the ﬂuorometer (Fluorolog Jobin Yvon, Horiba
group) with excitation and emission wavelength set at 320 nm and
405 nm, respectively.3. Results and discussion
3.1. Divalent cations are integral to the AtPreP1 structure and appear
conserved among plant species
The X-ray crystallographic structure of AtPreP1 revealed that
beside the zinc found at the catalytic site there are two additional
metal binding sites. Hydrated magnesium ions occupy these sites,
coordinated by acidic residues located in the C-terminal portion
of the enzyme. The structure of AtPreP1 forms two halves con-
nected by a hinge region (Fig. 1A). Each half of the enzyme is
formed by two topologically similar domains comprising a 5–7
stranded b-sheet and surrounded by 7–8 helices, domain 1 and2 in the N-terminal half and domain 3 and 4 in the C-terminal
half. The inner magnesium-binding site, is located within the pro-
teolytic chamber, less than 20 Å from the active site, and forms a
connecting bridge between domains 3 and 4 (Fig. 1B). The Mg2+
ion is coordinated by direct binding to the Asp-705 side chain lo-
cated in helix 5 of domain 3, and via water molecules to residues
Asp-859 and Asp-861 from b-strand D in domain 4 (the same
strand as Tyr-854). The outer magnesium-binding site is located
on the surface of domain 4 and is coordinated by Asp-828 from
helix 1, Thr-947 from helix 6 and Asp-952 from helix 7 (Fig. 1C).
Sequence similarity searches using AtPreP1 against multiple
databases identiﬁed numerous homologues in bacteria and
eukaryotes. After initial screening we made a multiple sequence
alignment of 19 sequences to give a representative view of the con-
servation of the two magnesium-binding sites identiﬁed in the
crystallographic structure (Fig. 2). Not surprisingly, all active site
residues were identical except Glu-94, which is situated in the
S10 pocket and binds the P10 side chain of the substrate (Fig. 1D).
The inner magnesium-binding site appears conserved in plant
PrePs and could be found in both sequences from the eudicots Vitis
vinifera (grape), Populus trichocarpa (poplar) and Arabidopsis thali-
ana (thale cress), as well as the sequences from the eudicot Glycine
max (soybean), the monocot Oryza sativa (rice) and the moss Physc-
omitrella patens, and in one of two sequences derived from the
green algae Micromonas and Ostreococcus lucimarinus. The outer
magnesium-binding site was only fully conserved in AtPreP1, At-
PreP2 and Physcomitrella PreP. Interestingly, the only non-plant
protein in which any magnesium-binding site could be found
was the outer site found in falcilysin, the PreP homologue found
in the malaria parasite Plasmodium falciparum [24].
In order to investigate the importance of these magnesium-
binding sites for catalytic activity, we produced AtPreP1 variants,
in which the inner site (D1), outer site (D2) and both sites (D1,2)
were rendered unable to bind metal ions. We overexpressed these
variants as GST-fusion constructs in E. coli and puriﬁed them to
homogeneity using afﬁnity chromatography and PrescissionPro-
tease in order to cleave off GST (Fig. 1E).
3.2. Mg2+-binding sites of AtPreP1 are essential for proteolytic activity
The effect of the removal of the AtPreP inner site (D1), outer site
(D2) and both metal binding sites (D1,2) on the proteolytic activity
was investigated using a native substrate, the mitochondrial prese-
quence from the F1b subunit of ATP synthase, pF1b2–54 at increasing
concentrations of Mg2+, Ca2+ and Zn2+ ions (Fig. 3). No degradation
of pF1b2–54 was observed for wildtype or any of the AtPreP1 vari-
ants in the absence of metals. Mg2+ and Ca2+ ions stimulated cata-
lytic activity of wildtype AtPreP1 and the D2 variant at
concentrations P1 mM, whereas D1 and D1,2 were only partially
active at increasing concentrations of Mg2+ and completely inactive
even at 10 mM concentrations of Ca2+ (Fig. 3A and B). These results
clearly show that the inner Mg2+-binding site is essential for the At-
PreP1 activity. Complete stimulation of PreP activity was achieved
below the physiological concentrations of free Mg2+ in both mito-
chondria and chloroplats as it has been reported that free [Mg2+] in
chloroplasts is between 2 and 3 mM and in mitochondria between
1 and 2 mM [25]. Concentration of free Ca2+ in the organelles is
much lower; it has been estimated to 2.4–6.3 lM in chloroplasts
[26], whereas little is known about free [Ca2+] in plant mitochon-
dria. In mammalian mitochondria free [Ca2+] lies between 0.05
and 5 lM. However, it has been shown for plant mitochondria that
at 100 lM [Ca2+] there was no PTP (permeability transition pore)
opening, swelling or cytochrome c release that was observed at
0.5–2.5 mM [Ca2+] [27]. Thus, we conclude that complete
activation of PreP by Ca2+ occurs below concentrations that induce
apoptosis. Addition of Zn2+ at concentrations in the range of
Fig. 2. Extract from the multiple sequence alignment of 19 PreP sequences, which displays the conservation of active site residues (top), inner Mg2+-binding site (bottom left)
and outer Mg2+-binding site (bottom right). Sequence accession numbers are included within brackets following the species’ names and residue numbering is based on
mature AtPreP1 (marked with an asterisk, ). Completely conserved residues are shown with black background and amino acids that match those of AtPreP1 are highlighted in
grey for comparison.
2730 H.G. Bäckman et al. / FEBS Letters 583 (2009) 2727–27330.01–10 mM did not stimulate degradation of the pF1b2–54 peptide.
In contrast to Mg2+ and Ca2+, when Zn2+ was added to activated
AtPreP1 in the presence of 10 mM Mg2+, complete inhibition was
observed already at 1 mM Zn2+ (Fig. 3C). Zn2+ has previously been
shown to be a potent inhibitor of varying mitochondrial enzymes
such as e.g. the respiratory cytochrome bc1 complex [28,29],
matrix multienzyme complexes involved in energy production
and antioxidant defense [30] or the outer mitochondrial mem-
brane pore-forming proteins [31]. Furthermore, Zn2+ also inhibits
at lM concentrations mitochondrial processing peptidase, MPP
(Eriksson et al. unpublished data) that exhibits similar fold as At-
PreP despite no sequence conservation [20]. On the other hand
both Ca2+ and Mg2+ are important regulators of the organellar func-
tions, Ca2+ is an important regulator of the mitochondrial signaling
and homeostasis [32], whereas Mg2+ is an essential cofactor for the
operation of the oxygenic photosynthetic electron transfer appara-
tus in chloroplasts [33]. Direct effects of Ca2+ and Mg2+ on many
enzymes have been reported. Thermolysin and the thermolysin-
like proteases (TLPs) contain calcium binding sites that are impor-
tant for the protein stability [34,35]. Calcium was also shown to
suppress cobalt-dependent inactivation of thermolysin [36] and
protected cultured seedlings from cadmium stress alleviating lipid
peroxidation and promoting activity of antioxidative enzymes [37].3.3. Mg2+ stimulates the activity of all AtPreP1 variants, suggesting an
additional, yet unknown role for cations during proteolysis
The proteolytic activity of the wildtype and AtPreP1 variants
was further analyzed using 9 unstructured peptides of different
lengths and amino acid compositions: the 16-residue membrane-
penetrating peptide Penetratin, the 28-residue human prion-de-
rived peptide hPrPss1–28, the 27-residue neuropeptide Galanin,
the 33-residue antibacterial peptide Cecropin A1–33, the 53-residue
presequence from the F1b subunit of ATP synthase pF1b2–54 and
shorter peptides derived from the pF1b presequence, pF1b2–16
and pF1b1–20R5G (Fig. 4) as well as a ﬂuorescent C1 and Substrate
V peptides (Figs. 5 and 6). Sequences of all peptides used are listed
in Table 1. Analysis of proteolytic activity by SDS–PAGE revealed
overall lower or complete lack of the activity in the absence of
Mg2+ (Fig. 4). In the cases where partial activity in the absence
of Mg2+ was observed, such as with hPrPss1–28, Galanin and Cecr-
opin A1–33, the D1 and D1,2 AtPreP variants displayed the highest
degree of inhibition. The activity of D2 did not vary from wildtype
AtPreP1 as far as we could determine by this method, and both
regained full activity by the addition of Mg2+. D1 and D1,2
responded less to the addition of this ion and in the case of
pF1b2–54 and pF1b1–20 R5G the double variant D1,2 remained
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-
Fig. 3. The effect of increasing concentrations of Mg2+ (A), Ca2+ (B) and Zn2+ (C) ions on the activity of wildtype AtPreP1 and AtPreP1 variants, D1, D2, and D1,2. The
degradation was investigated using the mitochondrial presequence of the F1b subunit of ATP synthase, pF1b2–54. MgCl2, CaCl2 or ZnCl2 were added to the reaction mixture at
concentrations as indicated in the ﬁgures. ZnCl2 was added to activated AtPreP1 in the presence of 10 mM MgCl2.
MgCl2 (mM)
AtPreP Wt
0 0 100 10
-
0 1010
Wt Δ1,2
Penetratin
hPrPss
Galanin 
pF1β 2-16
pF1β 1-20 R5G 
pF1β 2-54 
Δ2Δ1Δ1,2Δ2Δ1
0
Cecropin A 
Fig. 4. Degradation of Penetratin, human prion-derived peptide hPrPss1–28, Galanin,
Cecropin A1–33, the presequence of the F1b subunit of ATP synthase, pF1b2–54 and
peptides derived from the pF1b presequence, pF1b2–16 and pF1b1–20R5G by wildtype
AtPreP1 and AtPreP1 variants,D1,D2 andD1,2 in the absence and presence of Mg2+.
SDS–PAGE and coomassie blue staining were used for detection of the peptides.
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AtPreP Wt
0 00
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0
Δ1,2Δ2Δ1
0
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AtPreP Wt
10 100
-
10
Δ1,2Δ2Δ1
10
-
+
-
+
C1-peptide + + ++ +
C1-peptide + + ++ +
Fig. 5. Degradation of a ﬂuorescent peptide C1 by wildtype AtPreP1 and AtPreP1
variants, D1, D2, and D1,2 in the absence (A) and presence (B) of Mg2+. The
ﬂuorescent peptide was detected on agarose gels under UV light.
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Fig. 6. Kinetics of degradation of the ﬂuorogenic Substrate V by wildtype AtPreP1 (A) and AtPreP1 variants, D1 (B), D2 (C) and D1,2 (D) in the absence and presence of Mg2+.
The change in ﬂuorescence quenching was measured with excitation and emission wavelength set at 320 nm and 405 nm, respectively.
Table 1
Peptides used in the experiments.
Peptide aa pI Sequence
Substrate V 9 11,0 Mca-RPPGFSAFK-Dnp-OH
C1 11 11,0 Dye-PLSRTLSVAAK
Penetratin 16 12,3 RQIKIWFQNRRMKWKK
Galanin 27 6,74 TLNSAGYLLGPHAIDNHRSFSDKHGLT
hPrPss 28 9,38 MANLGCWMLVLFVATWSDLGLCKKRPKP
Cecropin1–33 33 9,82 MNFYNIFVFVALILAITIGQSEAGWLKKIGKKI
Pre-F1b2–54 54 12,5 ASRRLLASLLRQSAQRGGGLISRSLGNSPKSASRASSRASPKGFLLNRAVQYM
Pre- F1b2–16 15 12,3 ASRRLLASLLRQSAQ
Pre-F1b1–20R5G 20 12,3 MASRRLLASLLRQSAQRGGG
2732 H.G. Bäckman et al. / FEBS Letters 583 (2009) 2727–2733completely inactive even at 10 mM MgCl2 (Fig. 4). AtPreP was pre-
viously shown to cleave unstructured peptides in the range of
10–65 amino acids. Moreover, it exhibits cleavage preference for
a basic amino acid in position P10 and small, uncharged amino
acids or serine residue in the P1 position [14]. Also structural ele-
ments in the substrate peptide were crucial for degradation as
introduction of proline, a helix breaker, instead of leucine in the
pF1b1–20 peptide resulted in reduction of the activity. Here, we
have used peptides from 9 to 54 amino acids long. All the peptides
tested were partially or completely degraded by wildtype AtPreP
and its D1 and D2 variants in the presence of Mg2+, however short-
er peptides derived from the presequence of the pF1b subunit of
the ATP synthase, were more prone to proteolysis than the full-
length pF1b presequence and other longer peptides. This suggests
that positioning of a longer peptide in the catalytic chamber of At-
PreP affects the enzyme catalysis. All the peptides tested contained
positively charged amino acids, and even if the isoelectric points
for the peptides differ from 6.74 to 12.48, no differences in the
degradation measured by SDS–PAGE could be related to the overall
peptide charge.We also studied the degradation of the 11 amino acid residue
ﬂuorescent C1 peptide (Fig. 5) and the kinetics of proteolysis
using a ﬂuorogenic peptide derived from bradykinin, called Sub-
strate V (Fig. 6). The ﬂuorescent C1 peptide is positively charged
and upon cleavage fragments of different sizes and charges are
generated that correspond to different cleavage sites. Incubation
of wildtype AtPreP1 and AtPreP1 variants, D1 and D2, with the
C1 peptide both in the absence and presence of 10 mM Mg2+
produced negatively charged fragments moving towards the
positively charged electrode, indicating cleavage of the C1 peptide
after Pro, Leu or Ser (Fig. 5A). In contrast, the double D1,2 variant
was only partially active in the absence of Mg2+, producing only
about 10% of negatively charged fragments while the rest of the
C1 peptide remained intact and moved towards the negatively
charged electrode. Interestingly, the activity of D1,2 AtPreP1
was completely restored in the presence of Mg2+ (Fig. 5B). Finally,
we performed kinetic studies using Substrate V, a ﬂuorogenic
peptide containing 9 amino acids residues. This peptide is modi-
ﬁed at its N-terminus with ﬂuorescent 7-methoxycoumarin (Mca)
and at its C-terminus by 2,4-dinitrophenol (Dnp). Fluorescence is
H.G. Bäckman et al. / FEBS Letters 583 (2009) 2727–2733 2733quenched in the native state and increases as the peptide is
cleaved. The initial phase of degradation was followed during
90 seconds in the absence and presence of Mg2+ (Fig. 6). For all
AtPreP1 variants there was an increase of the activity in the pres-
ence of Mg2+. The reason for the Mg2+ activation is not known but
beside the importance of the inner magnesium-binding site we
can speculate that since AtPreP1 peptidasome is very acidic and
the catalytic chamber consisting of the enzyme halves is nega-
tively charged, Mg2+ may stabilize the protein by neutralizing
the surface of the chamber and enable the two halves to close
and complete the active site. As the requirement of Mg2+ is stron-
ger for longer peptides, it is possible that the Mg2+-binding sites
and especially the inner site between the domain 3 and 4 stabi-
lizes the enzyme and contributes to the conformational changes
required for catalysis. The other possibility is that Mg2+ promotes
substrate unfolding making its conformation more easily degrad-
able by the protease. We have recently showed that despite the
fact that metal binding sites are not conserved in human PreP
(hPreP), the enzyme is slightly stimulated by divalent cations.
Most interestingly, single nucleotide polymorphism (SNP) hPreP
variants that show reduced enzymatic activity can be completely
reactivated by addition of Mg2+. This ﬁnding may indicate that
Mg2+ binding to PreP functions as a ‘‘rescue” mechanism under
conditions when the PreP activity is reduced to ascertain effective
removal of toxic peptides from the organelles.
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